Three BNA transcripts encoded by maize streak virus DNA were detected in polyadenylated SNA from virus-infected maize leaves.
INTRODUCTION

Maize streak virus (MSV) is a member of the geminivirus group; of circular single-stranded (ss) DNA plant viruses (1) which have recently attracted interest for their potential in the study and manipulation of plant genes (2). The primary nucleotide sequence of the genomes of four members of the geminivirus group have been determined, namely cassava latent virus (CLV, 3), tomato golden mosaic virus (TGMV, 4), bean golden mosaic virus (BGMV, 5) and two different isolates of MSV (6,7).
The genome of MSV is however distinct from the bipartite CLV, TGMV and BGMV in apparently having only one species of circular DNA (6,7). The primary nucleotide sequences of CLV, TGMV, BGMV and MSV (3-7), suggest a similar pattern of bidirectional transcription. This has been confirmed for CLV, for which five major polyadenylated transcripts have been mapped and the location of ©IRLPrew Limited, Oxford, England.
the gene encoding the virus coat protein determined (8).
Happing ol RNA transcripts on the MSV genome would help to locate possible control regions involved in gene expression. The nucleotide sequence determined in our laboratory for a maize isolate of MSV from Nigeria (6) , revealed seven open reading frames (ORFs) each with a potential of coding for a protein of HW > 10,000; three in the viral (+) sense and four in the complementary (-) sense. A similar picture has been determined for another maize isolate of MSV from Kenya (7). We describe here three virus-specific polyadenylated EN A 8 from maize infected with MSV. Using the nuclease SI method of Berk and Sharp (15), we have mapped these transcripts on the MSV DNA genome. In addition, on the basis of hybrid-arrested translation experiments, ami.no acid composition and specific immunoprecipitation, we have identified the gene encoding MSV coat protein.
MATERIALS AND METHODS
Virus and DNA.
A maize isolate of MSV from Nigeria was propagated in Zea mays L. var. Golden Cross Bantam, following transmission by the leaf hopper Cicadulina mbila (Naude'). Recombinant DNA clones of MSV were prepared from MSV supercoiled dsDNA isolated from infected plants and MSV dsDNA synthesised in vitro from virlon ssDNA (6) . Clones containing full-length MSV DNA in the vector M13mp9 (9) were used for the mapping experiments: These were pMSV13 and 14, (virus [+] and complementary [-] sense orientations respectively, of EcoR5-cut MSV DNA inserted into the Smal site); pMSV31 and 32 (+ and -sense BamHl clones of MSV DNA inserted at the BamHl site); pMSV35 (+ sense, a Xhol clone inserted at the Sail site); and pMSV36 and 37 (+ and -sense Smal clones inserted at the Smal site). For high resolution mapping the replicative form DNA a (RFs) of clones pMSV32 and 35 were prepared (9). The full-length inserts were excised from the RFs using BamHl and Xhol respectively and were then purified from low melting point agarose following electrophoresis (10).
Sub-clones of pMSV32 were used in hybrid-arrested translation experiments: These were pMSV15 and 16 (+ and -sense respectively), clones of the smaller BamHl to Bgl2 DNA fragment of MSV (nucleotldes 1 to 1203) Inserted Into the BamHl site of M13 mp9, and pMSV17 and 18 (+ and -sense respectively) which were clones of the larger BamHl to Bgl2 DNA fragment (nucleotides 1204 to 2687) inserted into the BamHl site of M13mp9.
RNA extraction
Total nucleic acid was extracted from MSV-infected maize leaves 10 to 20 days post-inoculation and DNA was removed from the preparation (11). Heat-denatured RNA was fractionated by two cycles of oligo-dT-cellulose chromatography.
RNA retained by oligo(dT)-cellulose was eluted and resuspended in 50mM tris-HC1 pH 7.6, 5mM MgCl2 followed by incubation with RNase-free DNase I (25ug/ml) for 30 min at 20*. Protein was removed by extraction with phenol/chloroform and the RNA was ethanol precipitated. This RNA was designated poly(A) + RNA, although sequence analysis to confirm a 3' poly(A) sequence has not been carried out.
Northern hybridizations
Samples of RNA were glyoxylated and electrophoresed through 1% agarose slab gels in a buffer containing 25mM tris-acetate pH 7.9, loll EDTA and 5mM Na acetate (12). Gel-fractionated nucleic acid was blotted from these gels onto nitrocellulose (13), and probed with cloned DNAs labelled by nick-translation (14) Solid triangles delineate the termini of the clones where these fall within the mapped region. All clones were full-length.
The position of putative initiation codons (ATG), promoter (TATA) and polyadenylation sequences (AATAAA) which might be functional for the 1.05kb and 0.9kb transcripts are marked. virus-specific RNAs were detected in samples of poly(A)~ RNA from infected plants (Fig. 2, track 2 (Fig. 3a, tracks  1 and 3) and a single fragment of 0.8kb when the full-length Smal (pMSV37) clone was used (Fig. 3a, track 2) . On the basis of this information (Fig. 3b) it was concluded that there were two predominant overlapping viral (+) sense transcripts of between 1 and 1.2kb (including the polyA tail) which on Northern blots were resolved as a single broad band of RNA of approximately lkb (Fig. 2) . From these data it was possible to locate the f TAW se-resistant fragment was accompanied by minor bands migrating 1 to 5 nucleotides faster or slower. It is not known whether these minor bands reflect a very small length heterogeneity of the transcripts or imprecise nuclease digestion of the RNA-DNA hybrids.
The 5' extremities of the two virion sense transcripts mapped to nucleotide 2682 and nucleotide 163 respectively. The 3' extremities of these two transcripts were co-terminal at nucleotide 1114.
Mapping of complementary (-) sense transcripts
To locate the position of the 1.3kb complementary (-) sense transcript poly(A) + RNA was hybridised to full-length virion (+) sense M13 ssDNA clones (pMSV13, 31, 35 and 36), digested with Si nuclease and the protected fragments were analysed by Southern transfer hybridization as described for the (+) sense transcripts.
In the presence of poly(A) + RNA, a virion sense DNA fragment of 1.2kb was protected by both the full-length BamHl (pMSV31) and Smal (pMSV36) clones (Fig. 5a, tracks 1 and 2 ). Using the EcoR5 clone (pMSV13) a fragment of lkb was protected (Fig. 5a, track 3 ). Small amounts of 0.65kb and 0.5kb fragments were also protected by pMSV13. The Xhol clone (pMSV35) protected two fragments of 0.68kb and 0.52kb (Fig. 5a, track 4) . On the basis of this information the minor 1.3kb complementary sense transcript of MSV was positioned with its 5 1 termini near A number of 35g-methionine-labelled polypeptides were resolved, but only one of 28,000 MW (P28) was uniquely programmed by the RNA from infected plants (Fig. 6, tracks 3 and 5) . The polypeptide (P28) was the same size previously reported for the MSV coat protein (1) and in addition was selectively immunoprecipitated by antiserum prepared to purified MSV (Fig. 6, track 7) but not by anti CLV serum (Fig. 6, track 6) . Mapping the coat protein mRNA by hybrid arrested translation To determine which ORF codes for the virus coat protein mRNA poly(A) + RNA was annealed to M13 ssDNA clones, which contained either + or -sense inserts of MSV DNA prior to in vitro translation. Partial clones, approximately half-size, spanning the MSV genome from nucleotide 1 to 1203 (pMSV15 + sense template, pMSV 16 -sense template) and nucleotide 1204 to 2687 (pMSV17 + sense template, pMSV18 -sense template) were used. These clones encompass separately the two coding regions between the two intergenic regions in MSV DNA (Fig. 1) . In vitro translation of RNA hybridised to pMSV16 (Fig. 7, track 3 ) resulted in total inhibition of P28 synthesis which was largely restored upon melting (Fig. 7, track 4) . Synthesis of this polypeptide was unaffected by hybridisation to pMSV15, 17 or 18 (Fig. 7, Polypeptides in tracks 6 and 7 were immunoprecipitated with CLV antiserum and MSV antiserum respectively. The protein of 28,000 MW discussed in the text is indicated (P28).
based on a MW of 26,969 was in good agreement with the predicted compositon of the longer OHF in the viral sense DNA ( Table 1) . The putative products of all other ORFs failed to show a similar correlation.
DISCUSSION
The hybridisation of virus-specific transcripts to both senses of MSV DNA was consistent with bi-directional transcription predicted by sequence analysis of MSV DNA (6,7) and other geminiviruses (3) (4) (5) . Five transcripts have been mapped to either the viral or complementary senses of CLV DNA (8) . For MSV we report the detection and mapping of three transcripts. The first ATG on the 1.05kb virion-sense transcript, the translational start for the OHF encoding a 10,906 M¥ protein, was only 4 bases downstream from the 5' terminus of this transcript at nucleotide 2682. The next ATG on the 1.05kb transcript, the translation start for the large virion-sense ORF, was also present on the smaller 0.9kb transcript.
It is not known which, if either, of the two initiation codons on the 1.05kb transcript is functional in vivo.
Both RNAs were retained by oligo(dT)-cellulose and hence were probably p'olyadenylated which was indicative of mature transcripts. However changes in the relative level of these two transcripts have been observed between different preparations of poly(A) + RNA. Because MSV was not mechanically transmissible,
we were not able to use cloned DNA in this study. In addition, Fig. 1 ).
• The experimentally determined value for glyclne (34 residues per molecule) was considered too high and that for tryptophan (1 residue per molecule) too low because of contaminating DNA and carbohydrate respectively in the sample and were replaced by their predicted values. Tryptophan was determined from a sample hydrolysed with mercaptoethanesulphonic acid (36).
MSV has no known local lerion host through which the virus could be passaged. Consequently it was possible that the two transcripts covering a similar region of the genome reflected a degree of heterogeneity in our isolate of MSV. An examination of the sequences surrounding the two virlonsense transcripts revealed several interesting features when compared to the potential control sequences reported for eukaryotic genes (31) . The larger of the two virion-sense transcripts had a sequence TATAAAT 20 bases upstream from its 5' terminus on the MSV DNA sequence.
This sequence resembles the reported consensus sequences for presumed eukaryotic promoters (TATA^A^) usually found at a position -30 from the transcript cap site or 5' end (31) . AT-rich sequences have also been cited as containing possible promoter sequences, for example in the maize transposable element Mul (32) . The smaller and more abundant vlrionsense transcript did not have an immediately preceeding TATA sequence suggesting either that it was a further processed transcript or that it was promoted independently and, if so, possibly from one of several proceeding T rich stretches of sequence 15 to 60 bases upstream from its 5' end. There were no consensus "CAAT" sequences (31) preceeding either of the virion-sense transcripts. These results contrast with those reported for CLV, where both TATA and CAAT sequences were found upstream of the coat protein mBNA (8) . The MSV 1.05kb virion-sense transcript, with only 4 bases preceeding the first ATG occurring at nucleotide 2686, had the possible translation start sequence ATTCATG. However, with such a short leader sequence, the ORF encoding the 10,906 MW protein might not be expressed from this transcript. If initiation of translation does not occur at this AUG on the 1.05kb transcript then both virion-sense transcripts have long 5' untranslated sequences of 320 and 152 bases respectively before the ATG at nucleotide 315 on MSV DNA. For the putative translation start at nucleotide 315, the sequence CAGCCADGD compared favourably with the Kozak (33) sequence CC §CCAUG(G). The two virion-sense transcripts both terminate at nucleotide 1114 which is 57 bases downstream of a possible polyadenylation signal AATAAA (31) . This 3' end mapped 9bp from the 3' end of the major species of "primer-like" DNA molecules found on virion DNA (34) .
A polypeptide of 28,000 MW was mapped, by hybrid-arrested translation, to the region coding for the two-virion sense transcripts on MSV DNA (Fig. 7) . This 28,000 MW protein was shown to be specifically immunoprecipitated by antiserum to whole virus and its mBNA mapped to the same region and had the same polarity as the vlrion-sense transcripts of 1.05kb and 0.9kb (Fig. 6) . The region of DNA covered by the virion sense transcripts had an OHF with a putative product of 26,969 MW whose predicted amino acid composition closely correlated with that determined for MSV coat protein (Table 1) . Hullineaux et al. (35) have shown from computer analyses distant and variable homologies between the putative coat protein of MSV when compared to those of CLV and TGMV.
In addition to the coat protein gene, both transcripts could allow synthesis of the putative 11,201 MW polypeptide which occurs in a different reading frame and starts at nucleotide 734, downstream of the coat protein translation start. Consequently the vlrion-sense transcripts might therefore be dicistronic messengers.
The 5'and 3' ends of the 1.2kb complementary-sense transcript mapped near nucleotides 2360 and 1160 respectively.
However because only very small amounts of this transcript were detected, even in experiments where up to 5ug of total poly(A) + BNA were used for hybridisation reactions, it was not mapped by high resolution techniques. It is therefore premature to comment on possible control sequences surrounding this transcript other than to note there were repeated TATA sequences approximately 70 bases upstream on MSV DNA and a AATAA sequence approximately 100 bases upstream of the 3' end. This transcript could encode the putative product of 17,768 MW. The 5' end of this minor transcript would seem to map slightly short of the first ATG for the putative 31,388 MW product. However, another in-frame ATG at a position 99 bases downstream was covered by this transcript. Translation from this initiation codon would produce a 27,675 MW protein.
Several minor and smaller polyadenylated RNAs were detected during the course of this study but they have not yet been mapped.
It remains to be determined what function they have, if any, in the expression of MSV DNA.
